The variation of precipitation behavior of MnS has been thermodynamically calculated in V-bearing C-Mn steels by substituting Ti for V. The use of two different set of solubility data for Ti 4 C 2 S 2 and TiS reported in literatures leads to a completely reversed precipitation behavior of MnS. The result of experimental observations is in qualitative agreement with the calculated result using the solubility data of Liu and Jonas. The calculated result showed, contrary to the case of V-containing steel, that the precipitated amount of MnS in steels bearing Ti-only rather decreases with decreasing temperature and that this is due to the formation of Ti 4 C 2 S 2. Controlled cooling experiments with interrupted quenching technique showed that MnS directly acts as the nucleation site for ferrite and that its nucleation potency depends on the precipitation behavior of MnS. Namely, MnS rarely acts as a nucleation site for ferrite in steels where its precipitated amount decreases with decreasing temperature.
Introduction
It has been known that the addition of inclusions such as oxides, sulfides and nitrides greatly improves the toughness of heat affected zone (HAZ) of low carbon weld steels. [1] [2] [3] [4] The refinement of their microstructure was shown to be primarily responsible for its improvement and was attributed to a great potential of inclusions for ferrite nucleation. This technology taking use of fine inclusions as a means of ferrite refinement is recently being further explored to seek for a possibility to apply to the structural steels such as hotforging medium carbon steels as a complimentary means to a conventional thermomechanical processing. 5, 6) The inclusions responsible for ferrite nucleation in low carbon weld steels is frequently observed in a form of compounds composed of oxides, nitrides and MnS 1, 2) and of nitrides and MnS, 3) MnS being almost always associated with the ferrite nucleation. This suggested that the MnS is one of the most important inclusions for ferrite nucleation. The most frequently invoked mechanism for ferrite nucleation is the development of Mn depletion layer in front of the growing MnS particles during continuous cooling. 7) However, since that the interface mismatch between MnS and austenite is as large as 2.7% 6) and that the MnS is rarely observed in a single form, it is frequently proposed that nitrides showing a low lattice mismatch are also required at the interface for ferrite to be able to nucleate; only one recent study suggested that MnS particles may nucleate ferrite directly without any help of TiN particles at the MnS/austenite interface. 4) On the other hand, an entirely different conclusion regarding the role of MnS has been also reported in a study of medium carbon steels 5, 8) : the MnS particles do not serve as a direct ferrite nucleation site but serve merely as a nucleation site for VN particles and it is VN particles that act as a direct site for ferrite nucleation.
These controversial observations suggest that the role of MnS particles can differ depending on the employed steel compositions. The model of Mn depletion layer is, for instance, based on the assumption that the MnS particles are growing during continuous cooling. This implies that the precipitated amount of MnS continuously increases during cooling. If the precipitated amount however decreases with decreasing temperature(we call this precipitation behavior "abnormal"), a dissolution of MnS will occur during continuous cooling. One then expects a formation of pile-up layer, rather than of depletion layer of Mn and thus no enhancement of ferrite nucleation at the MnS interface.
One of the recent equilibrium calculations 9) has actually suggested that an abnormal precipitation behavior is possible in Ti-bearing steels predicting a decreasing precipitated amount of MnS during cooling. We have therefore choosed a V-bearing steel as a model system and designed a series of steels substituting Ti for V to obtain a series of steels exhibiting a broad range of MnS precipitation behavior from normal to abnormal. The precipitation behaviors of these steels were first calculated to clarify the effect of precipitation behavior of MnS on the ferrite nucleation potency of MnS particles. The results were compared with the experiments testing the potency of MnS as a ferrite nucleation site.
Experiments
The steels investigated were the one V-bearing C-Mn steel and the other two steels with V substituted partially or completely by Ti ( Table 1 ). The steels were vacuum induction melted as 30 kg ingots. To examine the precipitation behavior of MnS, cube shaped specimens of 10ϫ10ϫ10 mm were cut from the 1/4 position from the surface of ingot. They were then encapsulated in a quartz tube which had been evacuated and Ar back-filled. These samples were heat-treated for 24 hr at temperatures of 1 300 and 900°C and quenched. After observation, these same specimens were re-encapsulated and heat-treated for 24 hr at temperatures of 900 and 1 300°C respectively.
Controlled cooling apparatus has been devised to closely monitor the potency of MnS for ferrite nucleation. The specimens were induction-heated up to melt state in an alumina crucible under Ar atmosphere and controlled cooled at a cooling rate of 15°C/min down to the temperatures of interrupted quenching. Interrupted quenching was performed at 900°C to examine the ferrite nucleation potency and at various temperatures from 1 350°C down to 900°C to observe in-situ the formation behavior of MnS during continuous cooling.
For the observation of optical and scanning electron microscope, the specimens were mechanically polished and etched electrolytically for 1-5 min in a solution of 10% acetylaceton and 90% methanol containing 1 gr of tetrametylammonium chloride. For the observation of ferrite grain structure, the specimens were chemically etched and etching solution was a 3% nital solution. To prepare the extraction replica for transmission electron microscopy, the samples were first chemically etched in a 3% nital solution after mechanical polishing. They were then deposited with carbon and carbon replica was released in a solution of 5% nital solution.
Equilibria Calculation
The equilibria between austenite and MnS sulfides have been calculated in the presence of other sulfides such as Ti 4 C 2 S 2 and TiS and of carbonitrides (Ti x V 1Ϫx C y N 1Ϫy ). For the sake of simplicity, we have assumed that all the sulfides and carbonitrides are mutually insoluble and that all the sulfides are stoichiometric. Liu and Jonas 9) have shown that the MnS and Ti 4 C 2 S 2 exhibit some limited amount of solubility but the allowance of small mutual solubility does not appear to alter our primary conclusions. The carbonitrides (Ti x V 1Ϫx C y N 1Ϫy ) are assumed to be regular solution following the model of Hillert and Staffanson 10) adopted by Speer et al. 11) in solving the equilibrium between austenite and Nb x V 1Ϫx C y N 1Ϫy carbonitrides. The stoichiometry of carbonitrides is assumed to be prefect for the sake of simplicity. The austenite is assumed to be dilute enough that one can neglect the Wagner interaction parameter terms and that the activity of a microalloying element are taken simply as the mole fraction of the element dissolved in austenite, where an infinitely dilute solution is taken as the standard state.
It can be shown under these assumptions that the following seven equilibrium relationships are satisfied: where and DG°M X refers to the standard free energy of formation of MX compound from the constituent elements dissolved in austenite with a reference state taken as an infinite dilute solution. X i is the mole fraction of the element i in austenite at equilibrium. The regular solution parameters for Ti-V mixing in carbonitrides L C TiV and L N TiV are not known and were assumed to be zero in this calculation as in previous investigation.
11 ) The parameter for C-N mixing in the Ti-C-N system L Ti CN was measured 12) but that for C-N mixing in the V-C-N system L V CN is not known. It was thus further assumed that L Ti CN ϭL V CN ϭL CN and was taken as Ϫ4 260 J/ mol. 11, 12) From the mass balance, the following six additional relationships are satisfied: There are twelve unknown parameters if one knows the standard free energies of formation of various compounds. One can calculate these parameters by iteration method since one has thirteen relationships; note that 4 Eqs. (1a)-(1d) are not completely independent and three independent equations can be obtained from their linear combinations. Newton-Raphson method has been employed to calculate these parameters. The solubility products of various compounds used for the calculation of their standard free energies of formation are summarized in Table 2 . It is to note in this table that there are two completely different sets of solubility data for Ti 4 C 2 S 2 and TiS compounds in literatures.
The one is due to Liu and Jonas 9) and the other due to Yoshinaga et al. 13) One does expect a quite different precipitation behavior of MnS depending on which set of solubility data is used.
The calculated precipitation behavior of MnS using solubility data of Liu and Jonas 9) for Ti 4 C 2 S 2 and TiS are shown in Fig. 2 for three different steel compositions. In a steel A containing only V (Fig. 2a) , practically all the MnS sulfides are formed at temperatures above the austenite region and only a slight increase in the mole fraction results with decreasing temperature in austenite region. VC y N 1Ϫy begins to form at about 1 100°C and its mole fraction increases with decreasing temperature showing a normal precipitation behavior. In a steel B containing both V and Ti, the equilibrium precipitation behavior of MnS is very similar to that in steel A. However, Ti x V 1Ϫx C y N 1Ϫy forms at temperature above austenite region (its actual composition at this high temperature region is close to TiN) and its mole fraction increases steadily with decreasing temperature. In a steel C containing only Ti, on the other hand, MnS shows an abnormal precipitation behavior at temperatures below about 1 320°C. Namely, the mole fraction of MnS rather decreases with decreasing temperature below about 1 320°C. This is because Ti 4 C 2 S 2 begins to form at this temperature and the amount of S available for MnS formation decreases with decreasing temperature. A large amount of TiC y N 1Ϫy is already formed at 1 400°C and its mole fraction also decreases with decreasing temperature below about 1 320°C. This abnormal precipitation behavior of TiC y N 1Ϫy is also because carbon becomes increasingly depleted as more Ti 4 C 2 S 2 precipitate out.
The calculated precipitation behavior of MnS using solubility data of Yoshinaga et al. 13) for Ti 4 C 2 S 2 and TiS is shown in Fig. 3 for steels B and C. A distinctive feature lies in the fact that Ti 4 C 2 S 2 forms above austenite region before the formation of MnS; this point is more clearly seen in steel C. As MnS precipitates out at relatively low temperature, the mole fraction of Ti 4 C 2 S 2 decreases with decreasing temperature. Directly contradicting with the results of Fig.  2 , this calculation thus shows a normal precipitation behavior for MnS, predicting increasing amount of precipitation during cooling and an abnormal precipitation behavior for Ti 4 C 2 S 2 in which its mole fraction continuously decreases with decreasing temperature. As a result, TiC y N 1Ϫy also shows a normal precipitation behavior. The mole fractions of MnS and TiC y N 1Ϫy only slightly increase with decreasing temperature at temperatures below which Ti 4 C 2 S 2 disappears.
Experimental Results and Discussion
In order to clarify which thermodynamic data is appropriate, the precipitation behavior of MnS has been examined by heat-treating a steel C sample at two different temperatures of 900 and 1 300°C (Fig. 4) . The result clearly indicates that the amount of MnS particles seen is rather small at a lower temperature suggesting that a precipitation behavior is abnormal at this temperature range. This is clearly in qualitative agreement with the prediction of the calculation using a set of solubility data of Liu and Jonas (Fig. 2) . This result is further confirmed by the observation of carbonitrides and carbosulfides using transmission electron microscopy (Fig. 5) ; Ti 4 C 2 S 2 particles were frequently observed in a sample heat-treated at 900°C and were rarely observed in a sample heat-treated at 1 300°C.
The importance of the precipitation behavior of MnS particles on the ferrite nucleation is illustrated in Fig. 6 . This figure shows a pronounced ferrite grain refinement around MnS particles in steels A and B, whereas no such distinctive effect is seen in steel C although the dispersion of MnS particles in steel C is very comparable to steel B. This result therefore shows that the precipitation behavior of MnS is important in determining the nucleation potency of MnS particles. It is widely believed 2, 4, 13) that the Mn depletion layer is formed in austenite adjacent to a growing MnS particle during cooling. A Mn depletion induces a rise in Ar 3 temperature and thereby increases the driving force for ferrite nucleation. It is implicitly assumed in this model that the precipitated amount of MnS particles increases with decreasing temperature, namely a normal precipitation behavior of MnS particles as in steels A and B shown in Fig. 2 ; although the variation of precipitated amount with temperatures is not large in these steels, the growth during continuous cooling is thought to be possible because MnS is not expected to form in a complete equilibrium state during continuous cooling. However, the precipitation behavior of MnS particles in steel C is now abnormal and an exactly opposite phenomena, namely a dissolution of MnS particles, is expected in a near-equilibrium state. An excess layer of Mn is now expected to develop in austenite adjacent to the interface. The MnS particles cannot then act as the intragranular nucleation sites for ferrite. This explains a difference in the nucleation potency of MnS particles observed between in steels B and C.
In order to further test this possibility, controlled cooling experiments have been performed. The steels cooled at a rate 15°C/min from melt state down to 900°C and waterquenched. They were then subject to the g→a transformation treatment at 700°C for a short time. The results (Fig. 7) show that the MnS particles in steels A and B equally well act as the potential nucleation sites for intragranular ferrite. On the other hand, the MnS particles in steel C poorly act as the sites for intragranular ferrite nucleation, although the dispersion of MnS particles in steel C is quite comparable to steel B. To test a possible role of carbonitride on ferrite nucleation, the interfaces of MnS particles have been carefully examined using high resolution (point resolution 35 Å) FEG SEM equipped with EDAX system (Fig. 8) .
Although the preferential etching at the interface somewhat obscures the conclusion, the observation together with Xray analysis using EDAX failed to detect any positive evidence of the presence of carbonitride at the interface. Furthermore, there is no particular reason in the first place that the nucleation behavior of carbonitrides on MnS particles should be different between three steels. It is therefore believed that the formation of Mn depletion layer is the most critical factor for MnS to be able to act as the intragranular ferrite nucleation site. The present result further emphasizes that the precipitation behavior of MnS particles in austenite is important and that this precipitation behavior can be altered from normal to abnormal one through the addition of microalloying elements such as Ti.
Conclusions
Two different solubility data for Ti 4 C 2 S 2 and TiS reported in literatures lead to a completely reversed precipitation behavior of MnS in Ti-bearing steels. The results of experimental observation are in a qualitative agreement with the calculation result using the solubility data of Liu and Jonas.
The calculation result shows that the precipitated amount of MnS can decrease with decreasing temperature in Tibearing steels and that this is because the formation of Ti 4 C 2 S 2 reduces the amount of S available for the formation of MnS.
The result of the examination of ferrite nucleation potency shows that the MnS particles are effective for ferrite nucleation in the V-only and V-Ti bearing steels and are not effective in Ti-only bearing steels and that this nucleation potency is not particularly associated with the presence of carbonitrides at their interface. It is believed from these results that the MnS particles can directly act as the ferrite nucleation site and that their nucleation potency can differ depending on their precipitation behaviors. 
